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Abstract

Mercury and its related compounds are widely recognized as global pollutants. The accurate
atmospheric modeling of its transport and fate has been the subject of much research throughout
the last decade. Atmospheric gas, aqueous and heterogeneous chemistry are expected to occur
for Hg-containing specie sand accurate implementation of their chemical parameters is essential
for realistic modeling of mercury cycling. Although significant progress has been made, the
current state of knowledge of mercury chemistry exhibits numerous uncertainties. The objective
of this two-part review is to explore the sources of uncertainty from the viewpoint of mercury
chemistry. In this first part, we assess the discrepancy that exists in the currently available
mercury Kinetic parameters for the gas and aqueous phases. Theoretical and experimental
approaches of rate constant determination exhibit various levels of limitation and accuracy. We
present an overview of the available techniques and the assumptions and shortcomings
associated with these methods in order to assist the atmospheric modellers. We review specific
mercury oxidation and reduction reactions that have been investigated and are commonly
implemented in mercury models with respect to the uncertainties associated with them. We
reveal that for most of these mercury reactions our current state of knowledge reflects a lack of
proper under-standing of their mechanisms. Atmospheric heterogeneity is a topic of great
importance and we elaborate upon it in part Il of this review.

1. Introduction

Mercury is widely recognized as a global pollutant and a serious health and
environmental hazard (Pirrone and Mahaffey, 2005; Pirrone and Mason, 2009; Selin,
2009; Watras and Huckabee,1994 ). Released to the environment from a multitude of
natural and anthropogenic sources, mercury is redistributed globally via a complex
combination of chemical, physical, and biological processes throughout the atmosphere
and the rest of the environment. Fig. 1 depicts some of the pathways by which mercury is
chemically transformed and transported throughout the atmosphere. Processes such as
oxidation/reduction reactions, complex formation, phase transitions, biodegradation, and
surface and heterogeneous interactions with aerosols, clouds, snow, and ice convert
mercury from one species to another. Physical mechanisms such as wind flux, runoff, and
dry and wet deposition transport elemental and oxidized mercury species from one place
to another (Pirrone and Mahaffey, 2005; Pirrone and Mason, 2009).

Given that selected mercury species, such as organomercury, are serious
contaminants of the ecosystem and can have detrimental effects on human health (Flora
et al., 1994; Selin, 2009), under-standing the detailed processes that govern the overall
transport and cycling of mercury species has been a chief concern amongst environmental
and atmospheric scientists. Accordingly, with the aim to simulate its transport and
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cycling, this recent decade has seen a surge of scientific research in the realm of
atmospheric chemistry related to mercury (Pirrone and Mahaffey, 2005; Pirrone and
Mason, 2009). Despite the extensive effort, however, accurate prediction of mercury
transport at both regional and global scales remains challenging.
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Fig. 1. Schematic of the mercury transport cycle.

Uncertainty in mercury modeling arises from many sources including: (1)
inaccuracies present in existing chemical kinetic parameters, (2) inadequate
representation of chemical processes and lack of characterization of mercury species
critical in describing the cycling of mercury in the atmosphere, (3) lack of detailed
mercury chemical speciation infield studies (4) difficulties at the boundary layer, (5)
challenges with mercury transport and deposition mechanisms, (6) emission inventory,
and (7) inherent assumptions in chemical models. The objective of this two-part review is
to survey the sources of uncertainty associated with the modeling of mercury chemistry.
Herein, we examine the discrepancies that exist within the currently available mercury
kinetic data for gas and aqueous phase reactions (1). The chemical processes that are
missing and/or inadequately implemented in mercury models (2), including the
heterogeneous interaction of mercury (see Fig. 1) with aerosol, snow, ice, water droplets,
vegetation surfaces, and dissolved organic matters (DOM), as well as reduction
pathways, are discussed in part I1.

Most of the different mercury gas and aqueous phase reaction rate constants
available display large discrepancies (see Fig. 2) or are too limited to substantiate.
Several recent publications have explored and addressed these kinetic studies (Ariya and
Peterson,2005; Ariya et al., 2009b; Hynes et al., 2009; Lin et al., 2006). We herein extend
the existing reviews beyond comparative studies of rate coefficients and focus on sources
of uncertainties infield, experimental and theoretical studies for the available mercury
reaction rate constants. We further discuss the implication of these uncertainties on
modelling studies.
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Fig. 2. Variability in the rate constants of selected mercury oxidation reactions.

2. Chemical kinetics - fundamentals of experimental and theoretical methods

The determination of rate constants, both theoretical and experimental, is complex
and requires that assumptions be made. Usage of different kinds of measurement
techniques and theoretical methods of calculations leads to different levels of uncertainty.
A comprehensive knowledge of the assumptions pertaining to both experimental and
theoretical techniques is thus necessary. In this section, we present a detailed overview of
the limitations and assumptions associated with these approaches. A summary of the
sources of uncertainty for different methods of rate constant determination is provided in
Table 1.
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Table 1
Summary of experimental and theoretical methods of rate constant determination and their inherent assumptions leading to the uncertainty in measured or calculated values.
Methods of rate constant Description Sources of uncertainty
determination
Absolute rate method + Aims to measure the time evolution of « Experimental condition is typically at higher reactant
(experimental) chemical species directly during a reaction concentration and at lower pressure relative to
« Often employs the isolation method, where atmospheric conditions
the concentration of one reactant is held « Often measures pseudo —reaction order and —rate constant
much smaller than that of the other reactants « Subject to interference from wall reactions as mercury
« Experimental setup includes a fast-flow tube adsorbs onto the glass cell
with different detection schemes
Relative rate method » The rate constant of the reaction of interest e The determined rate constant is only as good as the
(experimental) is obtained relative to the known rate constant original value of the reaction rate constant for the
of a well-established reaction reference molecule used
» Appropriate for pseudo-first order reactions e Side or secondary reactions likely due to the presence
« Experimental setup can be adjusted to monitor of reference molecule
or evade the effect of reaction chamber surfaces « Subject to adsorption of mercury to the reaction chamber
» Experiment can be conducted at atmospheric conditions wall but possible to minimize its affect by varying the

Transitional state theory + An approximate method in which the potential

volume of the cell or coating it with hydrophobic material
« Additional experiments to ensure negligible side reactions
require varying the concentration/pressure of reactants,
carrying out the reactions in different bath gases, and
investigating the influence of scavengers by removing
reaction by-products or impurities.
Assumes all trajectories arising from reactants lead to

(TST) (theoretical) energy surface (PES) is assumed to be the to be products and the motion along the reaction coordinate
the top of the reaction barrier represented by the can be treated classically
activation energy, Eq e The basic TST rate constants are considered as the upper
» For unimolecular reactions, provides a rate constant bound rate constant. However this challenge is rectified
at the high pressure limit using revised version of TST
e Determination of rate constants depends on the calculated
electronic or thermodynamic values. Thus, values obtained
without proper treatment of relativistic effects should not
be considered reliable
Rice-Ramsberger-Kassel-Markus « An approximate treatment of reaction dynamics « Assumes that the energy of the excited reactant is randomly
(RRKM) (theoretical) « Applicable for unimolecular dissociation or recombination distributed throughout all the available molecular states
reactions « Determination of rate constants depends on the calculated
+ Not suitable to describe atom—atom recombination electronic or thermodynamic values. Thus values obtained
reactions without proper treatment of relativistic effects should not

be considered reliable

2.1 Uncertainties associated with experimental techniques

In general, two types of rate determination methods (“absolute” and
“relative”)(Table 1) coupled to a variety of experimental setups and modes of detection
are employed to measure kinetic parameters (Finlayson-Pitts and James N. Pitts, 1986;
Levine, 2002). The absolute rate technique allows direct measurements of the rate
constant but is not without shortcomings. For instance, in many cases it is difficult to
hold one of the reactant concentrations constant as is necessary in determining a pseudo
rate constant. Furthermore, reactions are often performed at a much higher reactant
concentration and at lower pressure than what is found in the atmosphere. Therefore,
extrapolation of the kinetic parameters to the atmospherically relevant condition is
performed which potentially introduces uncertainties in the final reported values. In
contrast, the relative rate method bears the advantage of being carried out under
simulated tropospheric conditions. In this technique, however, the rate constant of the
reaction of interest is obtained relative to a known rate constant of a well-established
reaction. Hence, one of the major disadvantages of the relative rate approach is that the
determined rate constant is only as good as the original value of the reaction rate constant
for the reference molecule used. Thorough investigation involving several reference
molecules to ensure negligible side or secondary reactions is critical to overcome this
challenge
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2.2. Validity of theoretical calculations involving mercury compounds

Although theoretical studies are important and complementary to laboratory
techniques, some theoretical calculations might not be adequate for mercury kinetic
studies due to the inherent challenges associated with them. The theoretical determination
of reaction parameters depends on molecular electronic structure and thermochemistry
(Levine, 2002, 2009). Theoretical calculations of heats of formation, reaction enthalpies,
and activation energies can assist in either supporting or refuting experimentally derived
kinetic parameters and ultimately provide insight into the mechanism of chemical
reactions. However, these calculations become challenging for multi-electron systems
such as mercury (Ariya and Peterson, 2005; Levine, 2009; McQuarrie and Simon, 1997)
since they are subject to relativistic effects; i.e. the inner shell electrons of an atom move
very fast, close to the speed of light, and are thus significantly affected by the relativistic
increase of mass with speed (Pyykko, 1988). The valence electrons can also experience
relativistic effects due to their interaction with the inner shell electrons. Although these
phenomena are typically neglected for atoms with atomic number less than 54 (Levine,
2009), they can have substantial influence on molecular properties such as bond lengths
and binding energies of molecules containing atoms of high atomic number. In order to
minimize calculation errors for mercury and mercury compounds, effort has been made
and is still ongoing to treat the relativistic effects (Ariya and Peterson, 2005). Some of the
approaches include all-electron methods and the implementation of pseudo-potentials,
both of which have their shares of advantages and disadvantages (Levine, 2009;
McQuarrie and Simon, 1997).

An earlier review (Ariya and Peterson, 2005) providing a detailed comparison of
the theoretical approaches used for studying mercury has demonstrated that any
electronic or thermodynamic values determined without the proper treatment of
relativistic effects may not be considered accurate. Based on recent studies involving the
ab initio thermochemistry of atmospheric mercury species (Balabanov and Peterson,
2003; Khalizov et al.,2003; Shepler et al., 2005; Tossel, 2003), it is clear that a higher
level of theory incorporating core-valence electron correlation and augmented basis sets
yields better results with accuracy of equal to or less than 1 kcal mol™ from the high
quality experimental data (Feller, 2007). The use of large basis sets CCSD(T)
calculations has shown to provide very accurate results and is thus highly recommended
for mercury related calculations. The thermodynamic changes in energy for selected gas
phase reactions of mercury with atmospherically relevant compounds calculated using the
CCSD(T)level of theory are listed in Table A.1. This table indicates that the discrepancy
between theoretical and experimental values is smallest when a higher level of theory that
incorporates relativistic effects is used. Additionally, it is important to emphasize that
these values correspond only to pure gas phase chemical properties and that proper
surface enhanced chemistry, which is often observed in laboratory experiments and
relevant to atmospheric heterogeneity, has yet to be calculated using an adequate level of
theory.

2.3. Uncertainties associated with theoretical calculations of rate constant
determination
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The most rigorous way to determine a reaction rate constant theoretically is to
generate the complete potential energy surface (PES) for the reaction by solving the time-
independent electronic Schrodinger equation for a very large number of configurations
for the nuclei. This is followed by quantum scattering or classical trajectory (CT)
calculations for a wide variety of reactant states(Levine, 2002, 2009). This procedure is
difficult and therefore simpler methods for the determination of reaction rate constants
are often used. The transition state theory (TST) and the Rice-Ramsberger-Kassel-
Markus (RRKM) theory are, at present, the most commonly employed methods. Both the
TST and the RRKM theories are approximate treatments of the reaction dynamics
applicable to bimolecular reactions involving a barrier and unimolecular dissociation or
recombination reaction, respectively(Levine, 2009; McQuarrie and Simon, 1997). Most
of the current rate constants obtained are based on simple or modified TST and RRKM
methods and thus carry some level of uncertainty (see Table 1).

The transition state theory, also known as the activated complex theory,
eliminates the need for trajectory calculations and requires that PES be known only in the
regions of the reactants and the transition state, typically assumed to be the top of the
reaction barrier represented by the activation energy, Ea (Levine, 2002,2009; McQuarrie
and Simon, 1997). Other assumptions associated with TST are that all trajectories arising
from reactants lead to products (Levine, 2009) and that the motion along the reaction
coordinate can be treated classically as a translation. Ab initio data required for TST
calculations are the activation energy and the equilibrium structure and harmonic
vibrational frequencies of the reactants and the transition state. Re-crossing of the
activated complex back to the reactants is also possible. As a result, TST tends to
overestimate the rate constant for most atmospheric mercury reaction systems (Ariya and
Peterson, 2005). The TST rate constant should generally be considered as the upper
bound rate constant (Levine, 2002, 2009). A more improved rate constant is typically
obtained using the generalized transition theory, i.e. canonical variational TST (VTST) in
which the position of the transition state is varied to achieve the smallest rate constant.
For unimolecular reactions, the TST provides a rate constant at the high pressure
limit(Levine, 2002, 2009). For the fall-off region, the RRKM theory is applicable but
entails certain assumptions. For example, RRKM theory requires that the energy of the
excited reactant be randomly distributed throughout all the available molecular states.
The molecule must thus be large enough to provide sufficient intra-molecular vibrational
energy redistribution (Levine, 2002, 2009; McQuarrie and Simon, 1997). Consequently,
the RRKM theory may not be suitable to describe atom-atom recombination reactions in
which case quasi-classical trajectory calculations become more appropriate (Ariya and
Peterson, 2005). Hence, the theoretical based kinetic parameters reported in the literature
should not be considered as absolute values, i.e., without uncertainties, and awareness of
these limitations is crucial when implementing them in mercury models.

3. Uncertainties in the existing mercury (HgP) oxidation reaction
Oxidation of elemental mercury, Hg® to Hg' to Hg" species, is an important pathway in
mercury cycling in the atmosphere because the oxidized species exhibit different physical
and chemical properties. For instance, among other processes, vapor pressure, solubility
(Clever et al., 1985; Hepler and Olofsson, 1975) and photochemistry (Kunkely et al.,
1997; Zhang, 2006) of oxidized mercury compounds differ greatly from that of elemental
mercury. Several experimental and theoretical investigations of Hg® reaction with
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different atmospheric oxidants have been reported. A comparison of the theoretical and
experimental rate constants of selected reactions in the range of 20°C — 30°C (293-303K)
is listed in Table A.2 of the appendix. A comprehensive list of reactions can be found in
(Ariya et al., 2009a). In this section, we survey and analyze the sources of error in some
of the major mercury oxidation pathways. We discuss in the appendix the oxidation of
HgP ) by other atmospheric reactants and reactions involving dissolved elemental
mercury. Table 2 provides a summary of all the reactions with respect to the major
uncertainties.

3.1. Reaction with OHg) radical
The available rate constants of Hg%) oxidation by OH radicals (OH) range from <
1.2x10713 (Bauer et al., 2003) to 9.0 (+1.3) x10** cm®molecs*(Pal and Ariya, 2004a;
Sommar et al., 2001). The currently considered upper limit of these values, 1.2x103
cm®molecs?, was obtained using laser induced fluorescence spectroscopy (LIFS) (Bauer
et al., 2003), whereas the lower value rate constants (e.g., 9.0 (+1.3) x 10" ** cm®molec™s
1) were determined using the relative rate method (Pal and Ariya, 2004a; Sommar et al.,
2001). The theoretical calculation using RRKM/B3LYP level theory resulted in a rate
constant of 3.2x107% cm®molec’s™ (Goodsite et al., 2004). These three independently
obtained experimental rate constants and the theoretically estimated values agree within
an order of magnitude (Fig. 2). However, this observation does not imply that these
values are applicable to reaction conditions in the atmosphere. It has been suggested that
the rate constants obtained using the relative rate methods, initiated by photo-dissociation
of an organic nitrite in mixtures of Hg%g), NO, air and various reference hydrocarbons,
are over-estimated (Calvert and Lindberg, 2005) due to generation of ozone and possible
side reactions. Because the atmospheric concentrations of these reactive species are much
lower than in the laboratory environment, removal of elemental mercury by OH in the
troposphere has been proposed to be much slower than predicted by the determined rate
constants (Calvert and Lindberg, 2005;Goodsite et al., 2004). Moreover, a global scale
modeling study(Bergan and Rodhe, 2001) suggested that the proposed reaction rate of
Hg%q) + OH(g (Sommar et al., 2001) was too large by about a factor of three to be
consistent with the observed seasonal cycle of Hg%g) in air. The reduction scheme in this
model (Bergan and Rodhe, 2001) was rather limited. Since the atmospheric concentration
of Hg() is a net result of both oxidation and reduction reactions, the lack of
consideration for reduction pathways in models can lead to inaccurate conclusion about
the implemented oxidation rate constant.
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Table 2

Summary of mercury reactions

the available range of rate constants and comments on the corresponding uncertainty and implication to modeling.

Reactions

Range of rate constants

Remarks

Gas phase oxidation
Hgf, +OHg,

Hgly, + Oy

Hgly, + Clig)

Hgf'g‘ +Brg

Hgffg, +Fig
Hgffg, +1igy
Hgf}, + BrO,

0
Hgjg), + ClOg,
Hgfy, + HClg,
HgClyy, + HCl g

Hefl, + Ha02g)

Hgly + Fag)
Hgly) + Clygg,

Hgly) + Brag,

Hely, + Logg)

Hgll, + NOyy

Aqueous phase oxidation
Helag) + O3(ag)

Hglag + OHag

Hg‘,’dq] + (HOCl 5y, OCL )

Heag) + (Braaq), HOBT(aq), OBriaq))

Aqueous phase reduction
gl + HOs(aq)

ngzfq] +054q)
Hg503 4, (decomposition)
HE(503)312q) — Hefag) +S(VI)

Hg(OH)y,q, + UV ng:‘Lm
+Products

(em® molec™! s"]
~10 "% to ~10" " (exp.) ~107 13
(theo.)

~10" "% to ~1072° (exp.) (293
K < T < 303 K) ~107% (theo.)

~10"" to ~107'3 (exp.) ~107 12
(theo.)

~10 " to ~10 '3 (exp.) ~10 12
to ~107 "3 (theo.)
NRO (exp.) ~107'2 (theo.)

NRO (exp.)
~10" P to ~107'7 (exp.)

~10""7 (exp.)
~10"" (exp.)
~10"%° to ~10~* (theo.)

~107 "% to ~107" (exp.)

~107"3 (exp.)
~107 "7 to ~107" (exp.)

NRO to < 1077 (exp.) ~1073!
(theo.)

<107 (exp.)

<1071 (exp.)

M's!

~107

~10% to ~10'°

~10°
~107!

NA vs. ~10%

~10""to ~107%5s7"

<1074 57!

1077 57!

The mechanism of this reaction is unclear. It is apparent that formation of
stable intermediate due to third-body collision and/or presence of surface
make this reaction possible. Surface influence of this reaction must be

further investigated

This reaction may be influenced by chamber surfaces or third-body collisions.
Gas phase oxidation is unlikely based on theoretical calculations and the
mechanism of the reaction is unclear. Influence of atmospheric surfaces and
heterogeneity must be studied

The discrepancy in the rate constants is mainly due to different experimental
techniques used. However, multiple independent relative rate studies yield a rate
constant in the order of 10~"", Additional studies are required to reduce

the uncertainty

The discrepancy is subject to differences in techniques. Uncertainties in radical
concentration profile along with heterogeneous reactions also play a role

May not be of great significance in earth atmosphere

Limited data available

Complex reactions are likely. Mechanism of this reaction needs to be elucidated.
Influence of atmospheric heterogeneity should be investigated. Boundary layer
and free troposphere BrO concentration profile is speculative and is the major
uncertainty for this reaction

Limited data available

Limited data available for temperature applicable to atmospheric conditions.
The reaction is slow and given trace level of HCl in atmosphere, its importance
is negligible. This reaction is however important for plume chemistry at high
temperature for which rate constants are available, see (Ariya et al., 2009a)

Limited data available with large discrepancy. Possibility of heterogeneous reaction
exists. Mechanism of this reaction is not known. Further investigations required
Limited data available. May not be significant in atmosphere

The existing data exhibits large discrepancies due to use of different methods and
possible surface catalysis. Nonetheless, reaction is too slow and its contribution in
removing Hg"(,, is negligible

The two available experimental data show no evidence or very slow reaction.
Theoretical calculation also predicts slow reaction. However, other pathways

may initiate this reaction. Further studies should be pursued but not a priority.
Although limited data exist, the reaction is too slow to have impact on atmospheric
mercury oxidation.

This reaction has the potential to be important. However, the limited data available
provides only an upper limit. The mechanism and influence of atmospheric
heterogeneity should be studied.

General Comment: The data on aqueous phase oxidation is scarce relative to the

data available on gas phase oxidation. The important oxidation pathways in aqueous
phase, based on the fast reaction rate constants, are that of the reaction with ozone
and hydroxyl radical. Re-evaluation of these values as a function of different
environmental conditions is desirable. The fast oxidation by O3 and OH in aqueous
phase, compared to the corresponding reaction in the gas phase, indicate that surface
mediated oxidation of mercury can also be significant. Further investigation of
oxidation on the surface of the aerosol and air/water interface is necessary.

Although reduction of Hg?* (aq; to Hg " (aq; is fast, the viability of the subsequent
reduction to Hg%.q; in atmospheric condition has been questioned because
re-oxidation of Hg ",y occurs rapidly

Discrepancy attributed to different rate measurement techniques

Too slow to be of significant importance in mercury cycling. However, many other
reduction pathways in heterogeneous conditions are not systematically studied
and/or are not represented in mercury models. See part 11 of this review for details.

NRO — No reaction observed.
Exp. — Experimental.

Theo. — Theoretical.

NA — Not applicable.
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The extent of the Hg%q) + OHyg) reaction and its implication for the atmospheric
removal of elemental gaseous mercury becomes more uncertain when the mechanism of
this reaction is evaluated. When the formation of the product for this reaction, gaseous
mercuric oxide, Hg%q), is considered, it is apparent that this reaction is unlikely to occur
in the gas phase as the production of Hgg) is highly endothermic (Tossel, 2003).
Theoretical consideration (Goodsite et al., 2004; Tossel, 2003) of the binding energy of
HgOH", a possible intermediate, implies that this species will rapidly dissociate to its
reactants, OH radical, under atmospheric conditions and that the removal of gaseous
elemental mercury by OH(g) should not be a significant process in the atmosphere. It is
also possible that HJOH™ exhibits complex reaction mechanisms and produces stable
products. Indeed, product studies for the oxidation of mercury by OH and Oz (Pal and
Ariya, 2004a; Snideret al., 2008) show evidence of solid mercuric oxide, HgOs), rather
than HgOgformation and enhanced chain growth of HgO(s) on a carbon grid at a relative
humidity of 50% (see Fig. A.1). These findings clearly indicate that surfaces play a key
role for this reaction. Therefore, the determined rate constant cannot be solely attributed
to pure gas phase chemistry since experiments were influenced by surface reactions
(Ariya et al., 2009a).

3.2. Reaction with O3(g)

A wide range of rate constants for the reaction of gas phase mercury with ozone is
reported in the literature (Fig. 2, Table A.2). The rate constant for the Hg%g)+Os(greaction
currently used in most models, for which it is known that the reaction was occurring in
both the gas phase and on the reactor walls, is 3 (+2) x102° cm®molec’s? at 20°C (Hall,
1995). By modifying the surface of the reaction vessel and by carrying out the reaction in
a much larger reaction chamber, the effect of the wall on the rate constant has been
greatly reduced in more recent experiments (Pal and Ariya,2004b; Snider et al., 2008;
Sumner et al., 2011, 2005), so that the rate constant determined was in the order of 107°
cm®molec!s™. The use of large reaction chambers (17 m®) and low reactant
concentrations (Sumner et al., 2011, 2005) renders the rate constants obtained free of
surface effects and relevant to atmospheric concentrations. These independent studies
showed evidence of reaction products adsorbing to the wall of the reaction chamber,
forming clusters and aerosols as exemplified in Fig. A.1.

A sensitivity study using the rate constant from Hall (1995) indicated that the
reaction was too slow to account for the majorpart of the removal of Hg%gfrom the
atmosphere (Bergan and Rodhe, 2001). While maintaining all other base parameters, the
implementation of this rate constant obtained in (Pal and Ariya,2004b) resulted in an
unrealistically low concentration of Hg%g),0.3-1.2 ng m=, with a shorter lifetime of 11
days compared toa lifetime of 9 months obtained from the base results (Seigneuret al.,
2006). In addition to the fact that these modeling exercises did not implement a detailed
reduction scheme, several reasons for the shorter atmospheric lifetime of Hg%gdue to the
fast rate constant have been suggested. These include (1) the possibility that this rate
constant depicts an upper bound of the Hg%g)+Os(q) reaction due to reactions with the
wall, (2) that this fast oxidation is compensated for by other atmospheric reduction
mechanisms that have yet to be discovered, and (3) that current global emissions are
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perhaps underestimated and that a larger emission flux could be consistent with the faster
HgO(g)oxidation rate by ozone (Seigneuret al., 2006).

According to some theoretical studies (Shepler and Peterson,2003; Tossel, 2003),
the production of HgO(g), a potential product of the reaction between Hg%gand Os(g),
appears to be unlikely in the pure gas phase. Quantum mechanical calculations of the
molecular properties of HgOg) suggest that the gas phase reaction Hg%g) + Osg) — HgO()
+ O2(g) is highly endothermic by approximately 90 kJ mol™. Calculation of the free energy
change and an equilibrium constant for this reaction using this value shows (Hynes et al.,
2009) that oxidation of mercury by ozone is unlikely to proceed as a homogeneous gas
phase reaction. In fact, QCIS(T)/MP2 along with transition state theory yields a rate
constant on the order of 10*°%cm®molec s *for this reaction. The discrepancy between the
theoretical and the experimental values is due to the fact that the theory employs the
thermodynamics of bond dissociation and formation of the reactants and products in the
pure gas phase whereas laboratory experiments are subject to complex reactions taking
place in the presence of other reactants and surfaces. Thus, a direct comparison is not
viable.

Experimentally, high resolution microscopy techniques confirmed the major
product of Hg%goxidation by ozone to be solid mercuric oxide, HgO(s), predominantly
adsorbed on the reactor walls and not HgO(g) (Ariya et al., 2009a; Pal and Ariya, 2004b;
Snider et al., 2008)(Fig. A.1). HgO in the gas phase was not observed. This fact alone
precludes us from comparing the experimentally determined rate constant to that of the
pure gas phase theoretical studies. A recent theoretical result (Tossel, 2006) also suggests
that stable oligomers of mercury oxide, (HgO)n, can subsist and their formation on
surfaces is very likely. Furthermore, complex reactions with reactive species present in
the atmosphere are also possible. For example, a direct proportionality in the rate
constant with an increase in CO concentration has been reported (Snider et al., 2008)
which clearly demonstrates a third-body effect on the gas phase Hg%g)+Os(g reaction. The
net rate constant for this reaction was found to be 6.2(+1.1) x10°cm3molec s in that
investigation with an additional 20% error due to uncertainties associated with
instrumental accuracy. Moreover, the effect of surface reactions could not be overruled in
this study (Snider et al., 2008).

It can be deduced that pure gas phase oxidation of elemental mercury by ozone
may not occur in the atmosphere. However, third-body effects and/or atmospheric
heterogeneity or surfaces can induce the collisions necessary to enhance the rate of this
reaction by making the formation of the intermediates and products more favorable.
Alternative mechanisms for this reaction can exist that would make this reaction
potentially viable in the atmosphere. It has been proposed (Calvert and Lindberg, 2005)
that the reaction may proceed by the formation of a gas-phase inter-mediate, HgO3(g),
which then decomposes to OHgOOgand there-after transforms to HgO(s) and O2g)as is
consistent with laboratory experiments (Snider et al., 2008). Due to its very high Henry’s
constant (2.69x10'2M atm), HgO)is readily found in sea salt particles where it is
rapidly converted to Hg?*(aq) ions, which can form complexes with CI- ions to produce
HgCl@q) (Hedgecock and Pirrone, 2005; Schroeder and Munthe, 1998). Water molecules
and aerosols containing halides can stabilize the formation of certain products and
thereby enhance ozone mediated oxidation of elemental mercury. The reaction of
HgOgwith water is highly exergonic (Tossel, 2003) and the formation of oxidized
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mercury halides is favored in the presence of water (Shepler et al., 2007b). This latter
point strongly emphasizes the fact that the description of mercury chemistry in the
atmosphere must take into account the influence of heterogeneous surfaces of water
droplets, snow, ice and aerosols.

3.3. Reactions with atomic halogen - Clg)and Br)

Reactions of mercury with atomic halogen species yield thermodynamically
favorable mercury halide products in the gas phase (Khalizov et al., 2003; Tossel, 2003).
Many theoretical (Goodsiteet al., 2004; Khalizov et al., 2003; Shepler et al., 2007a) and
experimental (Donohoue et al., 2006; Greig et al., 1970a,b; Horneet al., 1968; Senior et
al., 2000) studies have been dedicated to understanding the oxidation reaction of mercury
by ClI and Bratoms. Their results are highlighted and discussed in recent reviews (Ariya
et al., 2009a; Hynes et al., 2009). For the purpose of brevity, we discuss in this review
only the kinetic parameters used in current and up-to-date global chemical transport
simulations (Dastoor and Davignon, 2009; Lin et al., 2006; Seigneur et al., 2009). Using
the LIFS technique, the kinetic coefficient of the Hg0(g) and Cl(g)recombination based
on a three body collision model has been determined (Donohoue et al., 2005). At 25 C, a
rate coefficient of 5.4x10"3 cm®molec!s?was obtained (Donohoue et al.,2005). This
result is much slower than the rate constant of 1.0(+0.2) x10! cm®molecs?previously
obtained using a relative rate method (Ariya et al., 2002). In a more recent study, using a
much larger reaction chamber (17 m®) and a much lower reactant concentration, an even
faster rate constant, 8.4(+1.1) x10™* cm®molec™s™, for Hg%gand Cl(greaction has been
obtained (Sumner et al., 2011).

The rate constant obtained by the relative rate method (Ariya et al., 2002)
exhibited a large uncertainty. The major source of discrepancy is that the relative rate
method may provide only an upper limit of the rate constant due to secondary reactions in
the presence of reference molecules and surface effects from the reaction chamber walls.
Determination of the rate constant using several different reference molecules is
necessary. These issues were addressed in the recent study by carrying out the reaction
using low reactant concentrations in a 17.3 m® Teflon-wall chamber. The relative rate
study was carried out using two different reference molecules for which consistent results
were obtained (see Table A.1). Thus, the authors pointed out that the evidence of a faster
action cannot be attributed to side reactions or in appropriateness of the relative rate
method for this reaction. As for the LIFS study, the main source of uncertainty arose
from the determination of Clatom concentration which was estimated from the
concentration of Cl, and the photolysis laser flux. The authors discuss other
complications such as the presence of O, which can lead to the formation of CIO2, and
the dissociation of the reaction product HgCl2 into Hg and Cl2(Donohoue et al., 2005;
Hynes et al., 2009). Similar to the oxidation reaction of mercury with ozone, the
availability of a broad range of experimentally measured rate coefficients for the reaction
between Hgg and Cl indicates a large level of uncertainty. However, Cl atom
concentration is too low to have a significant influence on HgP) depletion in the
atmosphere (Ariya et al., 2002; Hynes et al., 2009).

For the reaction of Br with Hg(), the relative rate method (Ariya et al., 2002)
yielded a rate constant of 3.2 (+0.3)x10*? cm®molec’s?. A rate constant of 3.6 (+0.3)
x1013 cm®molec™stwas determined by LIFS (Donohoue et al., 2006;Hynes et al., 2009).
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Once again, these values are subject to the advantages and disadvantages of their
respective techniques as discussed for the reaction of Cl and Hg%g). The applicability of
the relative rate method for this reaction using different reference molecules under
environmental conditions has also been tested and a rate constant of 6.4 (+4.7) x1023
cm®molec!s™ hasbeen recently reported (Sumner et al., 2011). Computational studies
(Goodsite et al., 2004; Khalizov et al., 2003; Shepler et al., 2007a) have provided a rate
constant on the order of 10°33-102 cm®molec*s*for this reaction. Based on these values
and the possible atmospheric halogen atom concentrations, the recombination of
HgO(g)and Br atoms can serve as a pathway for mercury depletion in the Arctic
troposphere. Based on its fast reaction rate and relatively high concentration, atomic Br is
thought to be a key player in polar mercury depletion events (Ariya and Ryzhkov,
2003;Holmes et al., 2006). Bromine induced oxidation of mercury is also evident in the
mid-latitudes (Ariya, 2010; Obrist et al., 2011). However, atmospheric Br concentration
in the upper troposphere and the marine boundary layer (MBL) is a subject of great
scientific debate. The global importance of Br reactions has yet to be properly evaluated
as there is a lack of understanding of the horizontal and vertical concentration profiles of
oxidized mercury and halogens.

4. Uncertainties in the existing mercury reduction rate constants

Reduction of mercury (Hg' and Hg" species) is assumed to occur in the aqueous
phase, where mercury can exist as free ions or complexes (Pirrone and Mahaffey, 2005;
Pirrone and Mason, 2009). Table A.3 provides aqueous reduction reactions and their
corresponding rate constants that are generally incorporated in atmospheric mercury
modeling (Hedgecock and Pirrone, 2005; Lin et al.,2006; Seigneur et al., 2009, 2006).
The importance of the reduction of mercury with hydroperoxyl radical (HO2), long
thought as significant (Pehkonen and Lin, 1998), has been rebuked in a more recent study
(Gardfeldt and Jonsson, 2003) which deems the viability of this reaction at ambient
conditions to be negligible. A laboratory kinetic study (Pehkonen and Lin,1998) with
photolysis of oxalate ion as the source of HO found the rate constant for the reduction of
mercury by HO> to be 1.7x10* Ms"*when no chloride was present and 1.1x10* Msin
the presence of chloride ions. A two-step reduction model with the production of Hg'* as
the intermediate was proposed. Under the assumption that Hg!* is unstable in the aqueous
phase (Pehkonen and Lin, 1998), it was concluded that the HO> radical readily oxidized
Hg2pinaqueous solutions. On the other hand, the determination of reduction potentials
using the pulse radiolysis technique (Gardfeldt and Jonsson, 2003) demonstrated that the
reduction of Hg?* by HO; radical is unlikely to occur under environmental conditions
because the reduction potentials of Hg?" species are much lower than that of the
corresponding reduction potential of oxygen. The fast re-oxidation of Hg* @) in the
presence of molecular oxygen will dominate (Nazhat and Asmus, 1973). The same
conclusion is applicable to the reduction of Hg?* by O? radicals (Gardfeldt andJonsson,
2003). These authors, however, suggest that formation ofHgOcan occur via photolytic
fragmentation of an organic ligand bound to Hg?* under actinic radiation. The elimination
of Hg?*(aq) reduction reactions by HO2q)in atmospheric models, which was tested in a
sensitivity study (Seigneur et al., 2006), results in a surface concentration of Hg® that is
lower by factor of two to four compared to the concentration of HgP typically observed.
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Eliminating Hg?* reduction by HO; radical in a previous study (Bullock,2004) also led to
low modeling performance.

Another pathway for mercury reduction generally implemented in atmospheric
models is the decomposition of HgSOzq) via an intramolecular reduction. The rate of this
reaction was measured by trapping the Hg? product as Hg?* and monitoring the UV
spectrum of HgSOs@q and Hg?* at pH 3 and 25°C(Van Loon et al., 2000). The rate
constant obtained in this study is about 50 times smaller than previously suggested
(Munthe et al., 1991). The discrepancy has been attributed to the difference in the rate
measurement approaches. In the more recent study, a direct approach was used to
measure the rate constant and accordingly a new mechanism was proposed in which no
net Hg* or sulphite radical anions are generated. The authors also investigated the effect
of temperature on this reaction which showed that the rate constant quadruples for each
10°C rise in temperature. Given the temperature variability in the aqueous environment
of cloud droplets, atmospheric models commonly employ their result (Van Loon et al.,
2000). The reduction by Hg(SOs)2%"and photo-reduction of Hg(OH): are too slow and are
usually not considered (Lin et al., 2006; Lin and Pehkonen, 1999).The major source of
uncertainty regarding mercury reduction is that only a limited number of reduction
pathways have been identified. Reduction is assumed to be taking place only in the
aqueous phase. However, reduction of oxidized mercury on atmospheric surfaces of
aerosols, ice, snow, and water droplets and in heterogeneous mixtures of soil and aquatic
dissolved organic matters are typically not considered. Part 11 of this review discusses the
potential importance of these surfaces and heterogeneity (see Fig. 1).

5. Concluding remarks

There are several factors that lead to uncertainties in the existing mercury reaction
rate constants and thereby in the modeling of atmospheric mercury cycling. Table 2
summarizes the uncertainties associated with these reactions. The theoretical calculation
of rate constants involving mercury requires extensive treatment of the relativistic effects
and accurate determination of bond energies of reactants, reaction intermediates, and
products. Furthermore, assumptions associated with TST and RRKM theory lead to
uncertainty in the theoretically determined rate constants. Experimental determination of
rate constants often involves indirect measurements of the changes in concentration of the
reacting species, intermediates, and products as it is difficult to detect the concentration
of mercury in the reaction vessel that is not representative of the surfaces and
heterogeneity present in the atmosphere. With the current state-of-the-art techniques
available for determining rate constants, these assumptions and difficulties define the
minimum level of uncertainties in the existing rate constants. Additional sources of
uncertainties that hinder realistic representation of Hgg oxidation in the atmosphere for
mercury modeling are as follows: the mechanisms of most of these reactions are not well
understood, the influence of atmospheric surfaces and heterogeneity are not known
and/or not taken into account, in certain cases reliable concentration profiles of the
reacting species are not well characterized, and, lastly, the effects of atmospheric
variables such as temperature, solar radiation, etc. on the rate of reaction are not well
studied.

Given the relatively high abundance of ozone in the atmosphere, it is plausible
that it plays an important role in Hg®goxidation. However, it is clear that oxidation of
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HgP )by 0zone exclusively in the gas phase does not occur. Laboratory experiments
along with theoretical investigations, however, strongly suggest that third-body effects
and surfaces, i.e. solid HgO formation (Snider et al.,2008), not only make this reaction
possible in the atmosphere but can also enhance it. A similar conclusion applies to the
reaction of Hg®gwith OH radicals. Both ozone and OH radicals are present in the urban,
remote, and MBL regions of the atmosphere. Their reaction should not be eliminated
from mercury models. Instead, research should be directed towards understanding the
effects of atmospherically relevant surfaces on the rate of these reactions. Modeling
sensitivity studies to reflect the surface effects should also be performed.

Oxidation reactions of Hg%g) with atomic halogens are significantly faster
compared to reactions with molecular species. The availability of atomic halogens in the
MBL makes these reactions important but the relatively low concentration of atomic
halogens in urban and remote areas implies that these reactions are not significant in
removing Hg%g)in these regions. The greatest uncertainty in the likelihood and the degree
of oxidation of Hg%y) taking place in the atmosphere lies not in the discrepancy in the rate
constants of these reactions but in the uncertain vertical tropospheric concentration
profiles of the species involved, namely, Br, BrO, Cl, and also Hg%gand oxidized
mercury. The primary step in reducing uncertainty for reactions involving these species
should entail accurate measurements of these species throughout the atmosphere. Until
then, sensitivity studies can provide information with regard to the significance of
mercury oxidation by atomic halogens relative to oxidation via OH radicals and ozone.

Implications of the oxidation of Hg%g) by other reactants, as discussed in the
appendix, are as follows. Hydrogen peroxide is available at relatively high concentrations
throughout the atmosphere but not enough experimental and theoretical data exists
regarding its reactivity with Hg%g). Empirical observations do indicate that removal of
HgPin the presence of H.0; is enhanced in the surface of snow (Lahoutifard et al., 2003,
2006). Hence, future research should be directed to elucidate the mechanism and surface
effects for such reactions. The significance of Hg%g) oxidation by molecular halogen
species is small since the pure gas phase oxidation of Hg(g)by F2, Cl, Brz, and I, as well
as atomic F and | are slow. Considering the relatively low abundance of these species in
the atmosphere, the incorporation of these reactions in the mercury models can be
neglected, except in selected cases where the local or regional effects of such reactions
might prevail. Finally, knowledge of oxidation reactions of dissolved mercury (Table
A.3) is also limited and not without uncertainty. It is evident however (see Appendix) that
oxidation of Hg® in the aqueous phase occurs faster than in the gas phase. This is a crucial
indication that Hg® oxidation can be rapid when mercury is in contact with water or
adsorbed at various surfaces, pointing to the importance of more elaborate reduction
schemes in atmospheric models.

Based on our discussions on experimental evidence and theoretical insights into
the mechanisms of reactions and the influence of surfaces, it is apparent that various
natural surfaces and atmospheric heterogeneity play an important role in the oxidation of
gaseous mercury. The lack of knowledge of mercury surface chemistry hinders realistic
modeling of the mercury cycle. Due to the fact that there is a local increase in the reacting
species at a given surface and that surfaces render the formation of certain intermediates
and products of reactions favorable, most reactions are, in general, enhanced in the
presence of surfaces. It is probable that mercury oxidation will proceed more quickly in
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the atmosphere than in the pure gas phase. This would imply that the removal of mercury
from the atmosphere occurs more rapidly than is now presently thought. Consequently,
the reduction of Hg' and Hg'' species to Hg® occurring in the aqueous phase and the
eventual release of HgC to the gas phase is omnipresent not only in environmental water
but also in the atmosphere, i.e., in rain, clouds, and aerosols and other heterogeneous
interfaces. Reduction processes thus become significant in order to forecast a mercury
global lifetime which currently ranges from 0.5 to 2 years excluding much faster
transformations in the marine boundary layer, salt lakes, and polar regions. The role of
atmospheric surfaces and heterogeneity, along with other chemical processes that are
implemented inadequately or not at all, is the subject of part Il of this review.

Appendix
A.1 Uncertainties in the existing mercury (HgP) oxidation rate constants

A.1.1 Reaction with Fand I

The reaction between F atoms and Hg%g)in the atmosphere is considered to be
unimportant because the lifetime of F atoms with respect to the reaction with water vapor, even
below 10% relative humidity, is less than 1ms (Sumner et al., 2005). The reaction of Hggwith |
atoms has been studied (Greig et al., 1970b) using kinetic absorption spectroscopy to monitor
transient Hgl upon direct photolysis of CF3I in the presence of Hg0(g). No quantitative result
was obtained because a sufficient amount of Hgl was not produced. The authors concluded from
this observation that the combination reaction between atomic iodine and mercury is very slow
due to fast recombination of iodine atoms. The inclusion of fluorine and iodine radical chemistry
is not necessary in chemical transport models except for in | radical rich environments as
observed in Antarctica.

A.1.2 Reaction with BrO(gand ClO()

The rate constants for the reaction of Hg®%gand BrO have been determined by relative rate
methods (Raofie and Ariya, 2003) with values varying from 10°-10%2 cm®molecsdue to the
presence of different reference molecules. Product studies of this reaction suggest the formation
of Hg'*, Hg?*, HgBr, HgO, and HgBrO or HgOBr (Raofie and Ariya, 2004). Similar to the
formationof HgO(g) , the formation of HgBr(g)is endothermic. Thus, these authors pointed out that
the fast Kinetic rate may result from a secondary, more complex pathway, particularly as samples
wereisolated on surface grids, which precludes a pure gas phase chemistry. A more recent study,
carried out in a 17 m® Teflon environmental chamber and with reactants concentration 2 orders
of magnitude lower compared to the previous study (Raofie andAriya, 2003), has obtained a rate
constant of 1.8 (+1.0) x10** cm®molecules*s*BrO mediated oxidation (Sumner et al.,2011 ).
The experimental setup eliminated wall influence on there action and the reproducibility of the
previous result establishes reliability of the rate constant. However, the mechanism by which this
reaction proceeds is unclear because the production of HgO in the pure gas phase from the
reactions of mercury with BrO is energetically unfavourable. Formation of HgBrO, which has
been determined to be exothermic, can provide an alternative pathway for mercury oxidation
(Balabanov and Peterson, 2003; Shepler and Peterson, 2003; Tossel, 2003). In addition to the
kinetic and mechanistic uncertainties in the BrO reaction, the influence of atmospheric
heterogeneity and in the vertical profile of BrO in the boundary layer and free troposphere makes
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the significance of this reaction speculative. For the reaction with CIOg) the only available rate
constant available is 9.9x10" cm®molecules*s™(Sumneret al., 2011). The rate constant was
obtained using a relative rate method under similar condition as the BrO reaction (Sumner et
al.,2011); thus, very likely to be free of wall-effect. This value is too small to have great impact
on mercury oxidation.

A.1.3 Reaction with HClg) ,H202() , and NOs3(g)

Gaseous HCl is present at trace concentrations in the atmosphere and its reaction with elemental
gaseous mercury is slow,1x10"*® cm®molecules?s™(Hall and Bloom, 1993). Mercury models
incorporate this rate constant (Hedgecock and Pirrone,2005; Seigneur et al., 2006). The only
experimentally derived gas phase rate constant of the Hg%q) + H202(g) reaction is estimated to be
between 3.5x107° cm®moleculesstand 8.5x10%° cm®molecules?s™ in an N2 atmosphere at
20°C(Tokos et al.,1998). Using an FEP reactor chamber along with detection by CVAFS the
authors assigned the latter value as the upper limit. This value is 3 orders of magnitude smaller
than what has been previously assumed (Seignuer et al.,1994). There is no other experimental or
theoretical data available for this reaction. Consequently, it is difficult to gauge the validity of
this commonly used (Lin et al., 2006; Pai et al., 1997;Seigneur et al., 2006) kinetic parameter.
The gas phase product of this reaction is not known. However, Hg' adsorbed to the walls of the
chamber was observed. The possibility of heterogeneous oxidation of elemental mercury is very
likely since an increase in mercury deposition on the acidic snowpack containing the photo-
chemical oxidant H2O. under solar irradiation has been observed (Lahoutifard et al., 2003,
2006). The detailed mechanism of this reaction is not known.

The rate constant of mercury oxidation with NOs radical has been reported to be <4x10°
cm®molecules?s™an absolute rate method using a fast-flow setup (Sommar et al., 1997). The
reaction studied was subject to wall-effects and thus, this value has been considered as an upper
limit by the authors. There were no product studies done and the reaction was assumed to
proceed through the formation of HgO(gand NO2() , which has been pointed out to be
thermodynamically unfavourable (Hynes et al., 2009). A subsequent relative rate study (Sumner
et al., 2005) carried out in an environmental chamber (17.3 m®), which reduces surface effects
significantly, obtained a rate constant of<7x10%°> cm®molecules?s™. Products of the reactions
were not monitored. Consequently, the mechanism of Hggoxidation by nitrate radical is
lacking. Since NO3is a photochemical reactant and exhibit variable concentration up to 100 pptv
(Levine, 1985), it can have realistic impact on mercury oxidation, especially when heterogeneous
chemistry is involved. Further investigations in regard to surface effects and mechanism of this
reaction are desirable.

A.1.4 Reaction with Clzg), Bra(g), l2(g), and Fz(g)

The commonly used rate constant in the mercury modeling community (Lin et al., 2006;
Seigneur et al., 2006) for the reaction of gaseous mercury with molecular chlorine, 2.6x1078
cm®molecules®s? (Ariya et al., 2002), was obtained by absolute rate methods using CVAAS and
GC-MS under pseudo-first order conditions with respect to Hg%g). This value is about a factor of
2 slower than the previously reported rate constant of 4.8x1028 cm®molecules?s? (Calhoun and
Prestbo, 2001), also used as a model parameter (Bullock, 2005). For various concentrations of
Hg%g) and Cly) ,rate constants of 9.8-50x1078 cm®molecules?s™ 1have been reported (Sumner et
al., 2005). Earlier kinetic studies (Medhekaret al., 1979; Menke and Wallis, 1980; Schroeder et
al., 1991; Seignuer et al., 1994; Skare and Hohansson, 1992; Sliger et al.,2000) yielded rate



© This manuscript version is made available under the CC-BY-NC-ND 4.0 license
https://creativecommons.org/licenses/by-nc-nd/4.0/

https://www.sciencedirect.com/science/article/pii/S1352231011004353

constants that were influenced by surface catalysis and should be considered as upper limits
(Ariya et al.,2009a,b). The major product of the reaction was determined to be HgClys) adsorbed
onto the wall of the reaction chamber (Ariya et al., 2002, 2008). A more recent study (Yan et al.,
2005) determined the rate constant of the oxidation of Hg%g) by Cl2 using a mercury photo-
detection technique using three reactors. These reactors had different surface area to volume
ratios for the purpose of separating concurrent gas phase, surface induced, and photo-induced
reaction pathways. The 2nd order reaction rate constant of Hg%gwith Cl- in the gas phase was
estimated to be 1.82(+ 0.05) x101° cm®molecules™s™ at 1 atm and 297+1 K. The one order of
magnitude discrepancy in the rate constant of this result with that produced in (Ariya et al., 2002)
was attributed to the different degrees and methods of consideration of surface-catalyzed and
photo-induced reactions by the authors.

Even when the upper limit of these gas-phase rate constants is used, it is apparent that the
contribution of this reaction to the removal of gaseous elemental mercury in the atmosphere is
negligible due to the low concentration of Cl in the atmosphere. The same is true for the
reaction of Hg®) with Brz. The upper limit rate constant for this reaction is <9(+2)x10’
cm®molecules™s™ at 298 K (Ariya et al., 2002). Another study (Sumner et al., 2005) reported no
evidence of mercury loss in the presence of Brz with varying relative humidity and mercury and
bromine concentration. The insertion reaction, Hg(g) + Brzg — HgBr2() ,has a large barrier and
very small rate constant. However, other recombination reactions with Br atom and HgBr or
BrHg species are sufficiently fast to serve as the initiation steps for oxidation of mercury in the
atmosphere (Balabanov et al., 2005) (see Table A.1).

For the oxidation of gaseous elemental mercury by F» and I, the rate constants obtained
are 1.8x10%° cm®molecules™s™ (Sumner et al., 2005) and <1.27x10° cm®molecules?s™ (Raofie
et al., 2008), respectively. The reaction with Iz is slow and considered to have negligible impact
on atmospheric mercury. The products of this reaction were determined to be Hgl> and HgOl.
Although the rate constant for the reaction with molecular fluorine implies an atmospheric Hg%g)
half-life of 0.8 years (Sumner et al.,2005), there are no other reported measurements of this
reaction for comparison. This study also found that in the presence of UV irradiation the reaction
between Hg%gand F2 comes to a halt which the authors believe to be due to the rapid reaction of
F atoms, formed from photolysis of F2, with water vapor.

A.2 Oxidation of dissolved elemental mercury

Dissolved elemental mercury compounds in environmental waters can undergo chemical
reactions that have different rates relative to reaction rates in the pure gas phase. Elemental
mercury oxidation by Oz and OH has been observed to be faster in the aqueous phase compared
to the gas phase (Gardfeldt et al., 2001;Iverfeldt and Lindqvist, 1986; Lin and Pehkonen, 1997;
Munthe,1992 ). The currently available data on mercury oxidation in the aqueous phase is
limited and those that are available have yet to be re-evaluated. The influence of environmental
variables such as pH, temperature, radiation flux, and salt (Cleion) concentration, which can all
affect the reaction rate, should be studied systematically. The major oxidants for this reaction in
the aqueous phase are Oz, OH, HOCI, and OCI". A survey of some known aqueous phase
mercury oxidations is given below and also listed in Table A.3.

Commonly implemented (Hedgecock and Pirrone, 2005; Linet al., 2006; Seigneur et al.,
2006) rate constants for these reactions are 4.7(+2.2) x10” M-Xs"*for Os(in the pH range 0f4.5e9.5
( Munthe, 1992), 2.0x10° M1s1- 2.4x10'° M-1s (Gardfeldt et al., 2001; Lin and Pehkonen,
1997) for the OH radical,2.09 (£0.06) x10® Ms™* for HOCI, and 1.99 (+0.05) x108 M-*sfor OCI-
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(Lin and Pehkonen, 1998). Recently, the second order rate constants for the aqueous oxidation of
mercury by Brz, HOBr, and OBr™ have been reported as 0.20 (+0.03), 0.28 (+0.02),and 0.27
(+£0.04) M1s?, respectively at room temperature (Wangand Pehkonen, 2004). Based on the small
rate constants of these reactions and from comparisons with the rate constants of other oxidants,
the authors concluded that aqueous phase oxidation ofHg0(g)by Br2, HOBr, and OBr~ are not a
significant source of the mercury depletion observed in the polar regions. To the best of our
knowledge there is no kinetic study indicating such oxidation reactions on aerosols in the Arctic,
where one has observed the ubiquitous presence of mercury compounds associated with aerosols
in aquatic systems (Poulain et al., 2007).

Although elemental mercury is volatile and has poor solubility in water, 49.4x10° gl at
20°C(Schroeder and Munthe, 1998),the fast oxidation of Hg%g by these species in the aqueous
phase makes the incorporation of these reactions in models important. Moreover, the fast
aqueous phase rate is an indication that the oxidation of mercury by these oxidants when
adsorbed at the surface of atmospheric water droplets, which is much more prob-able for
HgPgthan being dissolved in the aqueous phase, may also occur at a faster rate compared to the
pure gas phase reactions. Indeed, as discussed in previous sections, certain product formations
are more favourable when in contact with third-body or water. The presence of cloud droplets
and aerosol particles contributing to the heterogeneity in the atmosphere renders the aqueous
phase and surface oxidation chemistry essential in the atmosphere.

Fig A.1. The influence of surfaces has been observed in laboratory experiments (Ariya et al., 2009a,b; Pal and Ariya, 2004b; Snider et al., 2008). There is evidence of mercury clusters
and aerosol formation in the presence of aerosols (a) and on the surface of the reaction chamber (b).

Table A.1
Theoretical and experimental thermodynamic values for selected mercury reactions.

Reaction Theoretical change in energy (kcal/mol) Experimental change in energy (Kcal/mol)
Hg,, + O3y~ Hg0yy + Oypy AGHER — 1+ 16.6a

HgOy,, + Hy0g) —~Hg(OH)y o AGIIK — _56.6a

Hg g + OHig) —HgOy, + Hyg) 4G = +98.5a

Hg s + OH g, —HgOH, AGEER — —1.0a

Hgg) + 20H g, — Hg(OH)5 ) AGEEK _ _59.0a
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Table A1 (continued )

Reaction

Theoretical change in energy (kcal/mol)

Experimental change in energy (Kcal/mol)

Hg g, + 2Brig) — HgBry

Hgjg) + Brag) —HgBrg) + Brig) —HgBry,

Hg g, + Bragg
Hgg) + B,

*HgBry g,
+HgOy, + Bryg)

Hg s, + BrO;s —HgBrig + Oy

Hgy, + BrO,, —HgBrO

Hg,g\ + Brig :HgBr[g)

Hg g, + BrClig —HgBrCl g,
HgBr g, + Bryy, —HgBry,
Hg,y, + Clig, —HeCl,

HgClig) + Clig; —HgClyyg,
Hgg) + Clyrg) ~Hgllig, + Clig) —~HeCly(g

Hg.g,+C|0cg] 'chlo[g]
Hg g, + Figy— HgFy,
Heg) + g —~Hgly) + Lg) —~Halyy,

AGIBK — _67.6a
AH%, — +30.6b
AHE — —42.4b

AGZIK — _338a
AGEBK — 449.0a

tot

AHX - +50.2b

rxn

AH% — 1+28.5a

mn
AGER — +39.5h
AHXK = -20.2b

mn
AGZEK _ _g0a
AGEK — _150d
AGEK — 453D
AH% — —59.7a

rxn

AHE = —11.4a

xn
AH% — —19.0d
AGIK _ _g82a
AHOK — 135 1b

rxn

AHX — —48.7b

rxn

AHY = —21.6b

mn
AGRIK — 327d
AHY, = +27.47f

rxn

AH%, — —34.98f

AHZK =~ 429+ 9bc
AHZK = —42 + 2bc
AGESK — _42 8ed

AHZK — —8 + 16bc
AHZK — 439+ 10bc

Hn

AGHEK _ 16 5de

AGESK — —24.9de

AGHK _ 82 Tde
AHPK = 432+ 2bc

rxn

AH — 49+ 2bc

rxn

AGZISK — 32 9de

27.7 = 0.1cf
—33.4 + 0.5cf

* (Tossel, 2003).

b (Balabanov and Peterson, 2003).
¢ {Chase et al.,, 1985).

4 (Khalizov et al., 2003).

¢ (Chase, 1998).

' (Shepler et al., 2005).

Table A.2

Comparison of theoretical and experimental rate constants for elemental mercury oxidation reactions at 25 °C (or otherwise stated).

Reaction

Theoretical rate constants k (cm® molec™' s71)

Experimental rate constant k (cm® molec™! 57')

Hgy, + Brig —HgBrg,

HgBrg, + Bryg, —+HgBr g, + Brag
HgBr,, + Brig, —HgBry,,
BrHg g, + Bryy, —HgBr g, + Brig,
Hgg) + Bryg — HgBry,

chlig-‘ + HClig-, »HgClyg) + Hig
HgClig) + HClygy + M—HgCly g
Hg'.g.\ + Cl[g‘ 'HECI‘.E)

Hgjg) + Fig) — HgFg

Hgg, + OHgg) —HgOH

ng_g\ + Oﬂgu ’Hgol_g] + Ozcgu

21 %1071

CCSD(T)

CVTST and capture model (Khalizov et al., 2003)

1.1 = 1012

B3LYP/RRKM (Goodsite et al., 2004)

9.8 x 1073 (at 1 bar)

Quasi-CT (Shepler et al., 2007a,b)

3.9 (+£0.2) x 107" MRCI/Quasi-CT (Balabanov et al., 2005)
3.0 (£0.1) x 10 "' MRCI/Quasi-CT (Balabanov et al., 2005)
4.0 (+0.4) x 10~ "" MRCI/Quasi-CT (Balabanov et al., 2005)
2.8 » 107! MRCl/microcanonical VTST

(Balabanov et al., 2005)

1.5 x 10 * QCISD/1997(TST (Wilcox et al,, 2003)

1.6 = 1072 QCISD{1997/TST {Wilcox et al., 2003)

2.8 » 107" CCSD(T) CVTST and capture model

(Khalizov et al., 2003)

1.9 x 107 '? CCSD{T) CVTST and capture model
(Khalizov et al., 2003)
3.2 » 10~ "* B3LYP/RRKM (Goodsite et al., 2004)

3.1 = 1070 QCIS(T)/MP2; TST theory
(Xu et al,, 2008)

3.6 (+0.9) x 10~ " (abs) (Donohoue et al., 2006)
3.2(+0.3) x 107" (rel) (Ariya et al., 2002)

9.7 x 107" (rel) (Spicer, 2002)
3.0 x 10 '3 (rel) (Spicer, 2002)
6.4 (+4.2) x 1073 (rel) (Sumner et al., 2011}

7 « 1077 (abs) at 397 K (Greig et al., 1970a)

9 % 1077 (rel) (Ariya et al., 2002) No Reaction
detected (Sumner et al., 2005)
1 x 107" (Hall and Bloom, 1993)

5.4 x 10~ '3 (abs) (Donohoue et al., 2005)
1.0(£0.2) < 10" (rel) (Ariya et al., 2002)
8.4 (+1.1) x 107" (Sumner et al,, 2011)
No reaction detected (Sumner et al., 2011)

9.0 (+1.3) x 107" (rel) (Pal and Ariya, 2004a)
8.7 (+2.8) x 10" (rel) (Sommar et al., 2001)

< 1.2 » 107'3 (abs) (Bauer et al., 2003)

7.5 (+0.9) x 107" (abs) (Pal and Ariya, 2004b)

6.4 (+2.3) x 107'? (abs) (Sumner et al., 2005)

8.4 x 10 '# (303K) (P'yankov, 1949)

4.2 x 107" (293K) (P'yankov, 1949; Slemr et al,, 1985)

4.9 » 107 '® (293K) (Schroeder et al, 1991) (abs, re-plotted)
~1.7 « 107 "% (293 K) (Iverfeldt and Lindqvist, 1986)
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Table A3
Aqueous phase mercury oxidation and reduction reactions commonly implemented in mercury models.

Rate constant

Oxidation reactions

Hgl,g +030ag) —+HEOpq) 4.7(+2.2) = 107 M~'s~! (Munthe, 1992)
Hgl,q, + OH g — Hellg, 2.4 x 10° M~ 's™! (Gardleldt et al., 2001)
Hgl,y, + OHyyq) — Hg T OHig 2.4 (+0.3) x 10" M 's~! (Lin and Pehkonen, 1997)
Hgll, + HOCl g —Hediy + Cliyg, + O 2.09 (£0.06) x 10°M~'s™" (Lin and Pehkonen, 1998)
Hgfly, +0Cl g —Hgl +Cli,, +OHy, 1.99 (+£0.05) = 10° M~'s~'(Lin and Pehkonen, 1998)
Hg g, + Bragag) — Hel, + 2Briag, 0.20 (+£0.03) M 's ™! {Wang and Pehkonen, 2004)
Hgjhg) + HOBr s —Hglly + OHiag + Bijog, 0.28 (£0.02) M~ 's~" (Wang and Pehkonen, 2004)
Hg g, + OBy, — Hely + 2Br 0.27 (£0.04) M 's ! (Wang and Pehkonen, 2004)
Reduction reactions
Hgqul +HOyq) —Helyy, + Ozaq) + Hiyg, Dor 1.1 = 10* M~ 's~! (Gardfeldt and Jonsson, 2003; Pehkonen and Lin, 1998)
Hgqu, + 0910 Heg + Oagag) Dor 1.1 x 10* M~'s~! (Gardfeldt and Jonsson, 2003; Pehkonen and Lin, 1998)
HgS03 (4, — Halhg, + SIVD) 0.0106 s~ ' (Van Loon et al., 2000)
0.6 5! (Munthe et al., 1991)
Hg(303)35, — HElyg) + SIVI) <<107* 57! (Munthe et al, 1991)
Hg(OH)y,q; + UV —Hgf,, + Products 3.7 x 1077 57! (Xiao et al, 1994)
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